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Principal Investigator: Yigal H. Ehrlich, Ph.D.

Period of this report: November 1, 1987 to June 30, 1988.

1) concise summary

- - The main project carried out in our laboratory-during the period
covered by this reporthas been focussed on the finding that neural cells
posses an ecto-protein kinase activity, which phosphorylates proteins
localized at the outer surface of the plasma membrane. We have
discovered this activity while carrying a previous.project supported by
the Air Force Office of Scientific Reserch (AFOSR 84-0331). The report
submitted here summerizes the continuation of this resarch during the
period Nov.1987-June 1988. The main new findings reported here are that
primary CNS neurons, cultured from the neostriatum of embryonic mouse
brain, have an ecto-protein kinase and surface phosphoprotein substrates
for its activity. These cells were also found to store ATP within synaptic

*vesicles and secrete it in a calcium-dependent manner upon stimulation.
These results open for investigation the role of extracelluar protein
phosphorylation in the regulation and adaptaion of CNS neurons. -

Two additional projects were pursued in our laboratory in parallel to
the studies summarized above. We have continued our investigation on the
role of extracellular protein phosphorylation in the regulation of the
uptake of norepinephrine (NE), In these studies we found that neural cells
of the clone PC12 have ecto-protein kinase activity, and that addition of
ATP-gamma-S to the medium significantly stimulates high affinity NE-
uptake by these cells. During the same period we have completed the first
phase of our investigation on the interaction of the alkyl-ether
phospholipid platelet-activating-factor (PAF) with neuronal cells. We
have reported that PAF stimulates Ca++ -uptake in the neural cells of the
lines NG108-15 and PC12 , This effect appears to be mediated by the
activity of receptor-operated calcium channels. Since in previous studies
we found in NGIOB-15 and N1E-1 15 similar stimulation of Ca* -uptake
by extracellular ATP, future studies should investigate the interactions
between these two systems.

9a 116
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2) Research Objectives.

The research proposal which led to award no. AFOSR 88-004 included
studies designed for a three (3) years period. Six specific aims were
listed in the original application for this 3 years period, as follows:

1. Biochemical characterization (Kinetic properties, ionic
requirements, regulating factors) of the extracellular protein
phosphorylation systems operating in primary CNS neurons grown and
differentiated in-culture.

2. Determination of the effects of cell stimulation by
neurotransmitters, depolarizing agents, neurohormones and growth
factors on the activity of the phosphorylation systems defined in
specific aim no. 1.

3. Isolation and purification to apparent homogeneity of specific
components (ecto-protein kinase, certain protein substrates and
phosphoprotein phosphatase) of the neuronal extracellular
protein-phosphorylation systems.

4. Development of poly- and mono-clonal antibodies to specific
components isolated under specific aim no. 3.

5. Identification of the extracellular protein phosphorylation
systems associated with the function of mature synapses, by
determining the developmental pattern of these systems during
synaptoenesis in-culture (1-18 DIV).

6. Investigation on the role of the phosphorylation of N-CAN by

ecto-protein kinases in neuronal function.

(3) Research Accomplishments.

During the period covered by this report we have made progress in one
major project of our research and in two ancillary projects related to this
research. The major project was studies of ATP secretion and extracellular
protein phosphorylation by CNS neurons in primary culture. The two
ancillary projects were: (a) Regulation of norepinephrine uptake by
extracellular ATP, and (b) Regulation of calcium uptake in cultured neural
cells. The main results obtained in these studies are summarized below.

The significant role of secreted ATP in the regulation of neuronal
function and the activity of ecto-protein kinases uhich utilize
extracellular ATP to phosphorylate proteins localized at the cell surface
have been previously studied in peripheral neurons and in cloned neural
cell lines. During the research period reported here we have utilized
neostriatal neurons differentiated in primary culture to demonstrate
vesicular secretion of ATP and phosphorylation of proteins by extracellular
ATP in neurons derived from the central nervous system (CNS). Neostriatal
neurons from embryonic mice were maintained in a chemically defined medium
for 15-18 days. Functional differentiation was determined by measuring
evoked GABA-release. ATP-secretion was measured by luciferin-luciferase
assays, and protein phosphorylation by adding 7_32P-ATP to the
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extracellular medium. Depolarization by 50.1 KCl induced a Ca *-dependent
ATP release, and stimulation by 10N veratridine resulted in secretion of
ATP that could be blocked by tetrodotoxin. Phosphorylation of specific
protein components with apparent molecular weights of 110K, 80K, 55K, and
30K was detected in striatal neurons incubated for 15 mins with 7-32P-ATP
added to the medium, but not by labeling intracellular ATP pools with
equivalent amounts of radiactivity presented as inorganic 32Pi. These
results open for investigation the role of extracellular protein
phosphorylation systems in processes underlying the responsiveness of CNS
neurons to secreted ATP. A full account of this study has been published,
and 6 copies of the paper are enclosed with this report.

In another study carried out during this period, the potential
modulation of norepinephrine (NE uptake by extracellular ATP and divalent
cations was examined in PC12 cells. An analog of ATP, ATP7S, was chosen
for these studies since ATP7S can be utilized by protein kinases and the
resulting thiophosphate bonds are resistant to phosphatase activity.
Previous work in our laboratory has shown that both ATP and ATP7S (0.1 AN)
can stimulate NE uptake. In this study, cells were incubated for 5 min at
370C, in a Krebs-Ringer buffer conatining 1.87 mX Ca2. and no added Ig2*,
with and without 1 AN ATP7S. The cells were then washed and NE uptake
assayed 30 min later. ATP7S produced a persistent stimulation of uptake
and this effect was dependent on the presence of Ca2  in the pretreatment
medium. Preincubation with ATP produced no increase in uptake, suggesting
that there was an inactivation by dephosphorylation. Pretreatment with
ATP7S and an excess of ATP resulted in the inhibition of the ATP7S-induced
stimulation. The ATP7S pretreatment protocol was used to examine kinetic
changes and the results showed an increase in the Vmax, with no change in
the apparent Km for NE. Experiments are currently in progress to determine
ecto-protein kinase activity in PC12 cells, to identify the surface
proteins phosphorylated by ATP 735S, and examine their role in action of the
NE-transporter system and its regulation by extracellular ATP.

Ve have reported previously that extracellular ATP can stimulate
calcium uptake into neural cells and cause an increase in the levels of
intracellular free Ca*4 -ions. It was suggested that the mechanism involves
regulation of receptor-operated calcium c annel. A potent regulator of
such mechanism in divere biological systmes is the naturally occuring
alkyl-ether phospholipid called platelet activating factor (PAF). However,
whether this critical extracellular mediator plays a role in neuronal
function has not been known. In the present study we have investigated the
interactions of PAF with cloned neural cells. Ve have found that PAF
increased the intracellular levels of free calcium ions in cells of the
clones NG108-15 and PC12. The increase was dependent on extracellular
calcium and was inhibited by the antagonistic PAF analog CV-3988 and by the
calcium-influx blockers prenylamine and diltiazem. A functional
consequence of this interaction was revealed by measuring a PAF-elicited,
Ca4+-dependent secretion of adenosine triphosphate from PC12 cells.
Exposure of NG108-15 cells for 3 to 4 days to low concentrations of PAF
induced neuronal differentiation; higher concentrations were neurotoxic.
Thus, by influencing Ca" fluxes, PAF may play a physiological role in
neuronal development and a pathophysiolog ical role in the degeneration that
occurs when neurons are exposed to circulatory factors as a result of
trauma, stroke, or spinal cord injury. These effects of PAF appear to be
mediated by the activity of receptor-operated calcium channels. Continued
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Studies examine the role of extracellular ATP secreted by neurons in the
regulation of this receptor-coupled activity in neurons.

(4) Written Publications.

3mn Zhang, Elizabeth Kornecki, Joany Jackman and Yigal ff. Ehrlich. "IATP
Secretion and Extracellular Protein Phosphorylation by CNS Neurons in
Primary Culture." Brain Research Bulletin, Vol. 21, pp. 459-464. (1988).

J.E. Chaffee, Y.H. Ehrlich, E.D. Headley. "Stimulation of Norepinephrine

uptake by MT in PC12 cells." Society for Neuroscience Abstracts. Vol 14,

Y.H. Ehrlich, I. Galbraith, J. Jackmnan and E. Kornecki. "Ecto-protein
kinase at the surface of CNS neurons." Society for Neuroscience Abstracts
Vol. 14, no 372.8 (1988).
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ATP Secretion and Extracellular Protein
Phosphorylation by CNS Neurons

in Primary Culture

) JIN ZHANG. ELIZABETH KORNECKI, JOANY JACKMAN AND YIGAL H. EHRLICH'

The Neuroscience Research Unit. Departments of Psychiatry and Biochemistry
University of Vernuott. College of Medicine, Burlington, VT 05405

ZHANG. J.. E. KORNECKI. J. JACKMAN AND Y. H. EHRLICH. All' .c'retion and e-wtracellidar protein
pIlo.ltrato 1aion h, (.AS at tiro. inl primaryn cinntare. BRAIN RES BULL 21(3) 459-464. 1988.-The signilicant role of
secreled ATP in the regulation of neuronal flunction and the activity ofeclo-protein kinases which utilize extracellular ATP
to phosphor, late proteins localized at the cell surface have been previously studied in peripheral neurons and in cloned
neural cell lines. In the present study we have utilized neostriatal neurons differentiated in primary culture to demonstrate
vesicular secretion of ATP and phosphorylation of proteins by extracellular ATP in neurons derived from the central
nerous system (CNS). Neostriatal neurons from embryonic mice were maintained in a chemically defined medium for
15-18 days. Functional differentiation was determined b measuring evoked GABA-release. ATP-secretion was measured
by luciferin-luciterase assas, .nd protein phosphory lation by adding y-aIP-ATP to the extracellular medium. Depolarization by
511 nl, K(I induced a Ca" *-dependent ATP rel ,e and stimulation b 1010 pM veratridine resulted in secretion of ATP
that could be blocked b. tetrodotoxin. Phosphor laion of specilic protein components with apparent molecular mass of
Il Kd. 81 Kd. 5' Kd. 31 Kd and 20 Kd Aas detected in striatal neurons incubated for 15 min with Ty-:-P-AP added to the

medium, but not b, labeling intracellular AlT' pools with equivalent amounts of radioactivity presented as inorganic 32Pli.

These result, open for investigation the role of etracellular protein phosphor. lation s stems in processes underly ing the
responsiveness of CNS neurons to secreted ATP.

Striatal neurons Primary neuronal cultures I 1H GABA release A'P secretion Ecto-protein kinase
Protein phosphor lation

A large body of evidence documents the significant role of (CNS), In the present report we demonstrate that em-
protein phosphorylation systems in the regulation and adap- bryonic neostriatal neurons grown in primary culture under
tation of multiple neuronal functions (6. 8, II. 17. 18. 22). In conditions that induce neuronal differentiation and synap-
this process the enzyme protein kinase transfers the gamma togenesis (29), secrete ATP upon depolarization and can
phosphate of ATP to specific sites in various intracellular utilize extracellular ATP to phosphorylate specific protein
proteins (21.24). In addition, conditions necessary for phos- components. These findings provide the data-basis neces-
phorylation ofextracellular proteins also exist in the nervous sary for investigating the role of extracellular protein phos-
system (11). It is well known that ATP is stored within phorylation activity in neuronal development, and in the
synaptic vesicles of adrenergic, cholinergic and purinergic feedback regulation of synaptic functions by ATP secreted
neurons, and secreted to the synaptic cleft by exocytosis from differentiated CNS neurons. A preliminary report of
when the neurons are stimulated (2, 4, 16, 23. 25, 28, 30, 3 1. this study has been presented (321.
33). Recently. we have presented evidence that neural cells
have an ecto-protein kinase which utilizes extracellular ATP
to phosphorylate specific proteins localized at the cell sur- METHOD

face (9,10). These studies were carried out with cloned
neural cells of peripheral origin. Investigation of the role of i
extracellular protein phosphorylation systems in the regula- Neostriata were dissected from the brain of 14-day mouse
tion of brain function must be initiated by demonstrating this embryos, mechanically dissociated. plated in 6-well cluster
activity in neurons derived from the central nervous system plates (0.8-1.Ox 10'; cells/ml: 2 ml/well), and maintained in a

'Requests for reprints should he sent to Dr. Y. H. Ehrlich at his present address: CSIAIBR-Cenfer for Developmental Neuroscience, City

University of New York. College of Staten Island. 50 Bay Street. Staten Island. NY 10301.
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40-1 ing 50 .l of a commerical luciferin-luciferase reagent
I Legend (Chrono-Lume; Chronolog. Havertown, PA) containing syn-

35 U 50 mMKCL thetic luciferin, and luciferase prepared from firefly tails.
o 100wM VT Luminescence produced by ATP in the luciferin-luciferase re-

so 0 VT + IuM TTX action was detected by a photomultiplier tube of a lumiag-
gregometer (Chronolog, PA). A standard curve of ATP meas-

251 ured under the same ionic conditions was used to quantitate
ATP con.entration in the releasate, expressed in nM ATP.

Protein phosphorvlation reactions were performed at4) 20J
I37°C with y-;rP-ATP added to the extracellular medium.

< using attached neostriatal cells maintained in serum-free
'f ismedium for 15-18 DIV. The procedures described by Ehrlich

et al. (9) for ectokinase assays with NG108-15 cells were
followed, except using 12-well cluster plates instead of 96-
well plates and a final reaction volume of 600 f.l. Cells were

5 rinsed twice with KRB and then covered with buffer contain-
ing 10 MiCi of y-3 2P-ATP (ICN) and a final ATP con-

0 centration of I MtM. Following incubation for 15 min at 37°C.
0 5 10 15 20 2s 3'0 5 4'0 the reaction was terminated by adding "SDS-stop solution"

minutes 4 (7) and the proteins separated by slab-gel electrophoresis

using 7-14% exponential polyacrylamide gel gradients, as
FIG. I. Depolariiation-induced release of I1HIGABA from diffr- described previously (9). Autoradiograms were used to quan-
entiated neostriatal neurons in primary culture. Striata dissected titate : 2P-incorporation into specific protein bands by scan-
from 14-day mice embryos were dissociated and the cultured ning with a digitizing laser microdensitometer (LKB Ultros-
neurons maintained in a chemically defined medium for 14--15 DIV. can XL). Molecular weights (MW) of phosphoproteins were
Attached cells were preloaded with [:'HIGABA in KRB for 10 min at estimated by determining relative mobility compared to
37C (see the method section). After two washes at time-point zero protein standards (BioRad) separated on the same gel and
the cells were covered with KRB. aliquots of the medium were detected by staining with Coomassie-blue (7-9).
collected every 5 min and subjected to scintillation counting. Arrow
indicates the time point at which KRB containing 50 mM KCI (in
place of NaCI. or KRB containing 100)gM veratridine (VT) without
or with I uM tetrodotoxin (TTX) was added to the wells (ITFX was RESULTS
added 5 min before the VT). GABA release is expressed in 1; of total
IPHIGABA uptake by the cells in each well (15). Data shown are Striatal neurons were maintained in primary culture in a
the means of 4-12 experiments for each incubation condition, in chemically defined medium for 15-18 days in vitro, as de-
which ever point was assased in triplicate. The SEMs were less tailed in the Method section. Previous studies using these
than 10t; of the mean tsee also Table 1). culturing conditions have demonstrated morphological dif-

ferentiation and synaptogenesis in these cells during 10-14
DIV (29). To demonstrate a functional aspect of neuronal
maturation in these cultures, we measured depolarization-

chemically defined, serum-free medium for 14-21 days. as induced neurotransmitter release in attached cells preloaded
described by Weiss et al. (29). Under these conditions. cul- with [1HIGABA. Figure I demonstrates that under non-
tures maintained for 14 days in vitro (DIVI were found to stimulating conditions, a stable basal release is exhibited
contain over 90-951/c neurons and revealed a high level of by the cells, which can be maintained for at least 40 min.
neuronal differentiation, the presence of presynaptic vesicles When the cells were stimulated with 50 mM KCI, about 10-
and defined postsynaptic elements (29). In the experiments fold increase in [HIGABA release over basal conditions was
reported here, these neurons were studies at 15-18 DIV. evident. An even more pronounced release of GABA was

easremnent o.1 GABA release was conducted at 370 es- evoked by stimulating the cells with 100 MM veratridine. and
sentially as described byGalloetal. (15). In brief, neostriatal the veratridine-induced GABA release was completely
cells attached to the plate were loaded with 0.5 ACi/well of blocked by I MM tetrodotoxin (TTX) (see Fig. I0.
[:IHIGABA (NEN) in Krebs-Ringer buffer (KRB) during a 10 The experimental protocol used to measure GABA re-
min preincubation period as described in (15). After 2 gentle lease as shown in Fig. I was followed for measuring ATP-
washes with KRB, basal release was monitored over a 25 release by a luciferin-luciferase assay carried out with
min period at 5 min intervals. Evoked release was initiated aliquots of medium collected at 5 min intervals from attached
by replacing the buffer with KRB supplemented with 50 mM neostriatal neurons incubated in Krebs-Ringer buffer. Under
KCI (in place of NaCI), or with KRB containing 100 um nonstimulating conditions, ATP concentration in the
Veratridine. A 5 min releasate was collected, followed by 2x5 medium was found to be about 0.5 nM (see bar marked C in
min incubation in KRB. ['HIGABA in aliquots of the col- Fig. 2). In the releasate collected during 5 min incubation
lected extracellular medium and in washed cells extracted after replacement of the medium with KRB containing 50
with NaOH (15) was determined by liquid scintillation count- mM KCI (in place of NaCI). the ATP concentration was
ing. Release data are expressed as a percentage of the total 17.3±4.3 nM. Figure 2 also shows that veratridine induced
I:'HIGABA taken up by the cells in each well (15). about a 50-fold increase in ATP rlease (23.7±1.1 nM ATP),

ATP release was measured using the protocol described and over 80% of the veratridine-evoked ATP release was
above for GABA release, except that aliquots (0.45 ml) of the blocked by TTX. The data presented in Table I demonstrate
medium collected at each time point were immediately chil- that 47% of the [:1H] GABA released by cells depolarized
led on ice and then subjected to ATP determination by add- with 50 mM KCI can occur in a Ca 0-free KRB medium.
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FIG. 2. Secretion of ATPi fr-om striatal neurons in primary culture. Cells it 14-I5
DIV "ere assa\ ed following the protocol shown in Fig. I and detailed in its
legend. A IP concentration in aliquots of the collected medium was determneid b5
luciferin-Iticiferase reactions its descrihed in the Method section. Bars show the mean
data obtained tinder basal 10 and Stimulated conditions. Arrows indicaute the time
point of ,timulation by 501 mM KCI. 100 ftM veratridine (VT( and VT--ITX (
uM). corresponding ito the arrow depicted in Fig. 1. Data shown ire mean', frtm 4
experiments: SEMs are provided in the text and Table 1.

TABLE I

DEPOLARIZATION-INDtJCED SECRETION OF ATP AND GABA FROM STRIATAL
NEURONS: DEPENDENCE ON Ca IN THE. EXTRACELLtJLAR ME-DIUM

Incubation- Incubation in Ca,
Conditions* KRB Ca -free KRB dependence

ATP-Secretion 17.3 -- 4.3 4.4 IA1. 751 i
(in nM: mean tSEM) (n 4) (n=3)

[IHIGABA-Release 10.52 i-0.86 4.95 -- 0.1 5 3r
(in ' of total uptake) (n 12) (n=41

*Neostrialal cells at 14-I5 DIV were stimulated with 50 mM KCI in normal KRB or in
KRB prepared without CaCI... and the medium collected after 5 min incubation it 37C as
described in the legend to Fig. 1. ATP and (:HIGABA release were measured as detailed
in the Method section. n~ihe number of experiments.

whereas 75% of the depolarization- induced ATP release is while still attached to thetr substratum. In control wells of
Ca- -dependent, the same cluster plate, the intracellular ATP pools of the

Since striatal neurons secrete ATP, the cosubstrate for cells were labeled by adding an equivalent amount (in /iCi) of
protein kinase activity, they may also possess extracellular radioactive, inorganic 32Pi and incubating for the same time
protein phosphorylation systems. To measure the phos- period (I5 min). Figure 3 depicts an autoradiogram of iaP-

phorylation of proteins by extracellular ATP we added containing protein bands labeled by these two procedures. It
y- P-ATP to the medium covering intact striatal neurons can be seen that under these incubation conditions proteins
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FI1G. 4. I'hosphors'kition of protein'. in neostriatal neiurons bN e\
tracellular y-: P-ATP added in normal KRB (A), in KRB containing
50 mM KCI (B). or IWK) ,M veratridine (C). Presented are

FIG. 3. Autoradiogram of phosphorylated proteins in neostriatal densitometric scans (using I.KB-Ultroscan) ('of autoradiograms
cells incubated for 15 min at 37'C with 60 jCi per well of P-21P-ATP obtained as described in Fig. 3. except adding 10 pCi well and
(ATP) or inorganic :1

2Pi (Pi) in KRB. Reactions were carried out as exposing slab gels to X-ra, film for 12-13 dais.
described in the Method section and terminated b adding SDS-stop
solution. Solubilized. reduced proteins 12'; beta-mercaptoethanol 5
miri95°C, (7)1 were resolved in 7-!4T; exponential gradient of activity in differentiated CNS neurons can now focus on these
pol acr~lamide. The gel was autoradiographed with Kodak X-Omat
film Ir 6 days Each sample is shown in duplicate. Representative specific phosphoprotein components.
of 4 experiments with neostriatal cells assayed at 15-18 DIV. Mobil- It is important to point out that in striatal neurons that
ity of standard MW markers is shown on the left. were assayed at 15-18 DIV (namely. qfitr differentiation and

synaptogenesis). only minimal phosphorylation by extracel-
lular ATP was detected in proteins with molecular mass

with apparent molecular mass of 110,000 kilodaltons (Kd), 80 greater than 110 Kd (see Fig. 4). which comigrate with
Kd. 55 Kd and approximately 30 Kd and 20 Kd incorporated neuronal cell adhesion molecules (N-CAMs). On the other
:.p from y-:2P-ATP added to the extracellultr medium, but hand, pronounced phosphorylation of N-CAMS by ecto-
not by labeling the neurons for the same period with equiv- protein kinase activity was found during the phase of rapid
alent amount of radioactivity provided as :12 Pi. Densitometric neurite extension in cloned neural cells differentiating in cul-
scans of the autoradioagrams of separated proteins from lure (9). Similar experiments, to be reported in detail
neostriatal cells incubated for 15 Min with y,-2P-ATP added elsewhere, have found phosphorylation by extracellular ATP
in normal KRB. in high K-KRB, and in KRB supplemented of proteins recognized by anti D,-CAM antibodies (9) in CNS
with 100 /.tLM veratridine are shown in Fig. 4A. 4B and 4C, neurons maintained in primary culture for 4-6 DIV. namely.
respectively. The results of these experiments (n=8) were dring, neuronal differentiation. These results suggest that in
quantitated by measuring peak areas (see Table 2). This the nervous system phosphorylation of different proteins by
analysis revealed that compared to basal incubation condi- ecto-kinase activity is developmentally regulated.
tions, depolarization of the cells by 50 mM K caused a DISCUSSION
significant decrease in the phosphorylation of a protein com-
ponent with apparent MW of 80 K. In contrast, :12P_ Procedures for obtaining pure neuronal populations by
incorporation from extracellular y-

2 P-ATP into a 55 K culturing cells from central nervous tissue in chemically de-
protein increased significantly in striatal neurons stimulated fined, serum-free media have enabled detailed investigation
with veratridine. Functional studies of ecto-protein kinase of various molecular aspects of the development, differ-
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TABLE 2

EFFECTS OF HIGH K' AND VERATRIDINE STIMULATION ON PROTEIN PHOSPHORYLATION BY
EXTRACELLULAR ATP

32P-Incorporation Into Specific Protein Components
Incubation Significant
Conditions 20 K 30 K 40 K 55 K 80 K 110 K Change in /r

Basal (KRB) 4.99* 5.95 4.29 6.33 7.53 7.98
(n=8) ±0.51 ±0.44 ±0.57 -0.24 -+0.50 -t0.50

50 mM KCI 5.48 6.83 4.03 6.41 5.33t 8.34 -29/t
(n=8) ±0.25 -0.14 -0.36 ±0.35 ±0.62 -0.54 p<0.01

Veratridine 5.96 6.90 3.66 7.64-1 7.39 8.33 +21%
( (n=8) -0.43 ±0.22 ±0.32 -0.30 ±0.30 -0.43 17<0.005

*Values of"P-incorporation are means - SEM for the number of experiments shown (n). expressed
as percentage of relative area of specific peaks obtained by digitizing desitometric analysis of au-
toradiograms. as described in the Method section.

-Denotes statistically significant difference from basal incubation conditions, calculated by Stu-
dent's t-test. Neostriatal neurons were grown and assayed as detailed in the legend to Fig. 4.

entiation and function of intact CNS neurons (I. 14. 15. 27). phorylated cell surface proteins or components of the ex-
Weiss et al. (29) has employed defined conditions for cultur- tracellular matrix (I1,12). Previous studies have demon-
ing striatal neurons from embryonic mouse brain, and using strated extracellular protein phosphorylation in cloned
immunocytochemical and electron-microscopic criteria neural cells, NGI08-15 and PC12 (5, 9-11). In the present
demonstrated morphological differentiation and synap- study we demonstrated that differentiated CNS neurons cul-
togenesis in these cultured neurons during 10-14 days in tured from embryonic mouse neostriatum, which secreted
vitro. In the present study. we have used these procedures ATP on stimulation, can utilize extracellular ATP in the
for culturing striatal neurons, and demonstrated their func- phosphorylation of specific protein components. These
tional differentiation by measuring depolarization-induced proteins were not labeled when the cells were incubated for
neurotransmitter release and veratridine-evoked. TTX- the same period with equivalent amounts of a2Pi, used to
blocked secretion of GABA and ATP from cultured striatal label intracellular ATP pools (Fig. 3). These results indicate
neurons at 15-18 DIV. that the protein phosphorylation seen in striatal neurons in-

Evoked secretion of ATP stored in synaptic vesicles of cubated up to 15 min with extracellular y-32 P-ATP cannot be
cholinergic. adrenergic and purinergic neurons has been attributed to 3ZPi liberated by ecto-ATPase, and that the
previously shown in the peripheral nervous system (PNS) (2. phosphorylation sites in the proteins labeled under these
4. 16. 25. 28. 31, 33) and in synaptosomes isolated from the conditions are located extracellularly. The finding that stimu-
CNS (23.30). but not in intact CNS neurons differentiated lation by a depolarizing KCI concentration and by verat-
in-culture. In the present study we found that the release of ridine (both of which induce ATP release in these cultures.
ATP from cultured striatal cells meets several criteria of see Fig. 2) result in opposing effects on the phosphorylation
evoked vesicular secretion from mature neurons. The finding of specific protein components by extracellular AT12P (Fig.
that stimulation of striatal neurons causes secretion of ATP 4). suggests that these effects are not simply a consequence of
indicates that in the CNS, as in the PNS, extracellular ATP the release of ATP, but may be involved in the mechanisms
may exert feedback control over the activity of the secreting underlying two different biochemical pathways of stimulus-
nerve terminals (26), as well as providing a transient signal secretion coupling.
that can be transmitted to postsynaptic target cells (20). It Previous studies of peripheral neuronal systems (20.26).
shotld be emphasized that the absolute concentrations of cloned neural cell lines (5, 9. 10) and synaptosomes (19) have
released ATP reported here (Fig. 2 and Table I) were de- implicated extracellular ATP and ecto-protein kinase activ-
termined in a relatively large volume used to cover a ity in neuronal development [phosphorylation of N-CAMs.
monolayer of cultured cells, and without protecting released (9)), in the regulation of neurotransmitter release (26) and
ATP from hydrolysis. It may be expected, therefore, that the reuptake (19). in stimulating Ca" '-influx (10) and in the mod-
actual value of extracellular ATP concentration produced in ulation of neuronal signal transduction systems involved in
the synaptic cleft during neuronal stimulation is substantially synaptic plasticity (13). The present results open for investi-
higher than the nM values reported in Fig. 2 and Table I. gation the role of secreted ATP and of extracellular protein

ATP secreted by neurons can be hydrolyzed by ectonu- phosphorylation systems in the regulation and adaptation of
cleotidases to adenosine which interacts with P.-receptors, these neuronal functions in the central nervous system.
or act by binding to P-purinoreceptors that respond directly
to ATP and to unhydrolyzable ATP analogs (2,3). In addi-
tion, neuromodulatory effects of extracellular ATP which ACKNOWLEDGEMENTS
require native, hydrolyzable ATP were demonstrated both We thank Dr. S. Weiss and Ms. D. Kemp for advice and help in
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tion may be mediated by extracellular protein phosphoryla- expert technical assistance, and to Ms. M. Philbrick for typing the
tion systems in which a membrane-bound ecto-kinase and/or manuscipt. These studies were supported by USAFOSR grants 84-
a soluble, released exo-kinase utilize secreted ATP to phos- 0331 and 88-0004, and in part by NSF grant BNS82-09265.



I U U p --- V

464 ZHANG, KORNECKI, JACKMAN AND EHRLICH

REFERENCES

1. Brunner. G.: Lang. K.: Wolfe, R. A.: McClure, D. B.: Sato, G. 17. Greengard, P. Cyclic nucleotides. phosphorylated proteins and
M. Selective cell culture of brain cells by serum-free, hormone neuronal function. New York: Raven Press: 1978.
supplemented media: A comparative morphological study. Dev. 18. Greengard, P.: Browning, M. D.: McGuinness, T. L.: Llinas, R.
Brain Res. 2:563-575: 1982. Synapsin 1, a phosphoprotein associated with synaptic vesi-

2. Burnstock, G. Purinergic transmission. In: Iverson. L. L.: Iver- cles: possible role in the regulation of neurotransmitter release.
son, S. D.: Snyder, S. H.. eds. Handbook of psychopharmacol- In: Ehrlich. Y. H.: Lenox, R. H.: Kornecki, E.: Berry. W. 0.,
ogy. New York: Plenum Press: 1975:131-194. eds. Advances in experimental medicine and biology. vol. 221.

3. Burnstock. G. Neurotransmitters and trophic factors in the au- Molecular mechanisms of neuronal responsiveness. New York:
tonomic nervous system. J. Physiol. 313:1-35: 1981. Plenum Press: 1987:135-154.

4. Castel, M.: Gainer, H.: Pellman. H. D.: Neuronal secretory 19. Hendley, E. D.: Whittemore, S.: Chaffee. J.: Ehrlich, Y. H.
systems. Int. Rev. Cytol. 88:303-359: 1984. Regulation of norepinephrine uptake by adenine nucleotides and

5. Chaffee. J. E.: Hendley. E.: Ehrlich. Y. H. The regulation of divalent cations: role for extracellular protein phosphorylation.
ectokinase-mediated protein phosphorylation in PC I2 cells. J. J. Neurochem. 50:263-273: 1988.
Neurochem. 48(Suppl. J:S1 15: 1987. 20. Hume. R. I.: Honig, M. G. Excitatory action of ATP on em-

6. DeLorenzo, R. J. Role of calmodulin in neurotransmitter re- bryonic chick muscle. J. Neurosci. 6:681-690: 1986.
lease and synaptic function. Ann. NY Acad. Sci. 356:92-109: 21. Krebs. E. G.: Beavo. J. A. Phosphorylation-dephosphorylation
1980. of enzymes. Annu. Rev. Biochem. 48:923-959: 1979.

7. Ehrlich. Y. H.: Reddy. M. V.: Keen. P.: Davis. L. G.: 22. Nestler, E. J.: Greengard, P. Protein phosphorylation in the
Daugherty. J.: Brunngraber, E. G. Transient changes in the brain. Nature 305:583-588: 1983.
phosphorylation of cortical membrane proteins after elec- 23. Richardson. P. J.: Brown. S. J. ATP release from affinity-
troconvulsive shock. J. Neurochem. 34:1327-1330: 1980. purified rat cholinergic nerve terminals. 1. Neurochem.

8. Ehrlich, Y. H. Protein phosphorylation: Role in the function. 48:622-630: 1987.
regulation. and adaptation of neural receptors. In: Lajtha, A.. 24. Rodnight, R. Protein kinases and phosphatases. In: Lajtha. A..
ed. Handbook of neurochemistry. 2nd ed. vol. 6. Receptors in ed. Handbook of Neurochemistry. 2nd ed. vol. 2. Enzymes.
the nervous system. New York: Plenum Press: 1984:541-574. Nesw York: Plenum Press: 1983:195-217.

9. Ehrlich. Y. H.: Davis. T.: Garfield. M.: Bock. E.: Kornecki. E.: 25. Silinsky. E. M.: Hubbard. J. 1. Release of ATP from rat motoi
Lenox. R. H. Ecto protein kinase activity on the external sur- nerve terminals. Nature 243:404-405: 1973.
face of neural cells. Natitre 320:67-69: 1986. 26. Silinsky. E. M.: Ginsborg. B. L. Inhibition of acetylcholine re-

10. Ehrlich. Y. H.: Garfield. M. G.: Davis. T. B.: Koritecki. E.: lease from preganglionic frog nerves by ATP but not by
Chaffee. J. E.: Lenox. R. H. Extracellular protein phosphor%- adenosine. Nature 305:327-328: 1983.
lation sy.stems in the regulation of neuronal function. In: Gispen, 27. Skaper. S. D.: Adler, R.: Varon, S. A procedure for purifying
W. H.: Routtenherg. A., eds. Progress in brain research. vol. neuron-like cells in cultures from central nervous tissue with a
69. Phosphoproteins in neuronal function. Amsterdam: Elsevier: defined medium. Dev. Neurosci. 2:233-237: 1979.
1986:197-208. 28. Stone. T. W. Physiological roles for adenosine and ATP in the

It. Ehrlich. Y. H. Extracellular protein phosphorylation in nervous system. Neuroscience 6:523-55; 1981.
neuronal responsiveness and adaptation. In: Ehrlich. Y. H.: 29. Weiss. S.: Pin. J. P.. Sebben. M.: Kemp. D. E.: Sladeczek. F.:
Lenox. R. H.: Kornecki. E.: Berry. W. 0., eds. Adsances in Gabrion. J.: Bockaert, J. Synaptogenesis of cultured striatal
experimental medicine and biology, vol. 221. Molec,,iar mech- neurons in serum-free medium: a morphological and biochemi-
anisms of neuronal responsiveness. New York: Plenum Press: cal study. Proc. Natl. Acad. Sci. USA 81:2238-2242: 1986.
1987:187-199. 30. White. T. D. Direct detection of depolarization-induced release

12. Ehrlich. Y. H.: Kornecki. E. Extracellular protein phosphory- of ATP from a synaptosomal preparation. Nature 267:67-68:
lation systems in cellular responsiveness. In: Cabot. M. C.: 1977.
McKeehan. W. L. eds. Mechanisms of signal transduction by 31. Winkler. H. The composition of adrenal chromaffin granules: an
hormones and growth factors. Ne%% York: Alan R. Liss: assessment of controversial results. Neuroscience 1:65-80:
1987:193-204. 1976.

13. Ehrlich. Y. H.: Snider, R. M.: Garfield. M. G.: Kornecki. E.: 32. Zhang. J.: Kornecki. E.: Jackman. J.: Ehrlich. Y. H.
Lenox. R. H. Modulation of neuronal signal transduction sys- Depolarization-induced secretion of ATP from mature CNS
tems by extracellular ATP. J. Neurochem. 50:295-301: 1988. neurons in primary culture. J. Neurochem. 48(Suppl.):S74:

14. Fisher. G. Cultivation of mouse cerebellar cells in serum-free. 1987.
hormonally defined media: Survival of neurones. Neurosci. 33. Zimmerman, H. Turnover of adenine nucleotides in cholinergic
Lett. 28:325-329: 1982. synaptic vesicles of the 1,,rpdo electric organ. Neuroscience

15. Gallo. V.: Ciotti. M. T.: Aloisi. F.: Levi. G. Developmental 3:827-836: 1978.
features of rat cerebellar neural cells cultured in a chemically
defined medium. J. Neurosci. Res. 15:289-301: 1986.

16. Geffen. L. B.: Livett, B. C. Synaptic vesicles in sympathetic
neurons. Physiol. Rev. 51:98-157: 1971.

UO!sIAIO uOiw)Otto . .. .

SI ifliu;l

,)SAV


